The M component of virginiamycin inhibited growth of Plectonema boryanum under both photoautotrophic and heterotrophic conditions. Though the S component of this antibiotic had no apparent activity per se, it enhanced the inhibitory action of its partner. Cells incubated with suitable concentrations of either M or M + S stopped growing and lysed. Loss of the colony-forming capacity occurred quickly in the presence of M + S and slowly in the presence of M alone. Virginiamycin M inhibited protein synthesis in autotrophically and heterotrophically growing Plectonema. This effect was very rapid and could be reversed by removing the antibiotic. The S component did not block the incorporation of amino acids into proteins, but prevented the reversibility of the inhibitory effect of M. Virginiamycin M or S did not affect the photosynthetic oxygen development (Hill's reaction) in Plectonema. Moreover, carbon dioxide photoassimilation and formation of chlorophyll were inhibited only after an appreciable lag. Deoxyribonucleic acid synthesis was blocked virtually without delay by virginiamycin M. Since virginiamycin inhibited protein synthesis in a similar fashion in the unicellular Anacystis nidulans, as well as in the filamentous P. boryanum, the mechanism of action of this antibiotic is probably the same in all blue-green algae.
The M component of virginiamycin inhibited growth of Plectonema boryanum under both photoautotrophic and heterotrophic conditions. Though the S component of this antibiotic had no apparent activity per se, it enhanced the inhibitory action of its partner. Cells incubated with suitable concentrations of either M or M + S stopped growing and lysed. Loss of the colony-forming capacity occurred quickly in the presence of M + S and slowly in the presence of M alone. Virginiamycin M inhibited protein synthesis in autotrophically and heterotrophically growing Plectonema. This effect was very rapid and could be reversed by removing the antibiotic. The S component did not block the incorporation of amino acids into proteins, but prevented the reversibility of the inhibitory effect of M. Virginiamycin M or S did not affect the photosynthetic oxygen development (Hill's reaction) in Plectonema. Moreover, carbon dioxide photoassimilation and formation of chlorophyll were inhibited only after an appreciable lag. Deoxyribonucleic acid synthesis was blocked virtually without delay by virginiamycin M. Since virginiamycin inhibited protein synthesis in a similar fashion in the unicellular Anacystis nidulans, as well as in the filamentous P. boryanum, the mechanism of action of this antibiotic is probably the same in all blue-green algae.
Virginiamycin, an antibiotic produced by Streptomyces virginiae, contains two components, M and S, which have different structures but similar chemical architecture (both are macrocyclic polypeptide lactone rings). Other two-factor antibiotics with similar structures are known as mikamycin, ostreogrycin, pristinamycin, and vernamycin (21) . A common unique feature of all these substances is that their components display a synergistic inhibitory activity in sensitive microorganisms.
In Bacillus subtilis, virginiamycin M and S separately have a bacteriostatic effect, whereas their combination has a bacteriocidal action (2) . Killing of bacilli depends on the gene for S sensitivity; a mutation of this gene to resistance abolishes the lethal effect of virginiamycin (7) . Single virginiamycin components reversibly block protein synthesis in vivo, and such an inhibitory effect becomes irreversible after incubation of sensitive bacteria with a mixture of the two components (3) (4) (5) . The mechanism of action of virginiamycin M has been identified by studies in cell-free systems from Escherichia coli (8, 9) , whereas no activity of S in vitro has yet been unequivocally demonstrated. Virginiamycin M binds to 50S ribosomal subunits and alters the function of both the donor and the acceptor sites; the elongation, but not the initiation, of peptide chains is blocked by the antibiotic in vitro (9) .
Virginiamycin does not inhibit the growth of Euglena gracilis, a eukaryotic alga, in heterotrophic growth conditions. Nevertheless, the M component prevents chlorophyll formation and chloroplast development; Euglena which are temporarily bleached are thus obtained (19) . Virginiamycin S, which alone does not show any apparent metabolic activity, potentiates the inhibitory action of M and renders it permanent; "cytoplasmic mutants," which are permanently bleached and behave as obligate heterotrophs, are obtained with 100% efficiency by incubating E. gracilis with a mixture of the two components (6) . The main target of virginiamycin M appears to be the 70S ribosomes of chloroplasts, whereas the antibiotic has no apparent action on the ribosomal particles of the cytosol (20) .
Considering the overall effect of vir-giniamycin in the bacteria and eucaryotic algae tested, it was of obvious interest to find out how the antibiotic would act in blue-green algae, which resemble euglenoids in their photosynthetic function and bacteria in their procaryotic organization.
In the present study, the action of virginiamycin on growth, viability, macromolecule formation, and photosynthetic functions has been investigated mainly in the filamentous blue-green algae Plectonema boryanum, as well as in the unicellular Anacystis nidulans. P. boryanum has a preferential photoautotrophic metabolism and can be adapted to grow heterotrophically in the dark (B. Raboy and E. Padan, unpublished data). In addition, P. boryanum is the host of cyanophages (16) ; the action of virginiamycin on the replication of these viruses is the object of another publication (C. Cocito and M. Shilo, submitted for publication).
MATERIALS AND METHODS
Strains and culture conditions. Most of the experiments were performed with P. boryanum 594 (Gomot) from the University of Indiana Culture Collection, Bloomington, Ind. This organism was grown in modified CHU no. 10 mineral solution (17) Wis.) (1) . For this type of measurement, cells were concentrated five to ten times in mineral medium CHU-10, in which NaHCO, replaced Na2CO,. For evaluation of respiration in the dark, the Perspex cell was shielded from light, and, for evaluation of photosynthetic oxygen evolution ("Hill reaction"), the device was illuminated with a 500-W photoflood lamp (Tungsraphot B, "Tungsram," Germany), the incident light being filtered through a 10-cm layer of water.
Radiochemical procedures. Kinetics of carbon dioxide photoassimilation was traced by growing cells in a modified CHU no. 10 medium containing 20 gmol of NaHCO3 per ml (pH 9). It was previously shown that this medium supports a constant rate of carbon dioxide fixation in Plectonema over a 15-h period.
Cells were labeled by addition of NaHl4CO, (Radio- Total nucleic acid synthesis was followed by adding [8-3H ] adenine (Nuclear Research Center, Beersheva, Negev; specific activity 5.79 Ci/mM) to the growth medium, to a final concentration of 0.5 to 1.0 MCi/ml. Samples of the cell suspensions were transferred to an ice bath, trichloroacetic acid was added to 5% final concentration, and samples were filtered through glass fiber filters GF/C 22, which were washed with 5% ice-cold trichloroacetic acid, 100% acetone, and 90% ethanol to remove interfering pigments. Air-dried filters were counted in scintillation vials upon addition of scintillation fluid containing 3 Antibiotics. Streptomycin base was purchased from TEVA Ltd., Jerusalem. Crystalline preparations of virginiamycin M and S were obtained as previously described (2); the structure of these two compounds has already been reported in previous publications (1, 8) .
RESULTS
Actions of virginiamycin on growth and viability of P. boryanum. As shown in Fig. 1 ously incubated for different times with virginiamycin. It was observed that incubation of cells with growth-inhibiting concentrations of the antibiotic produced a loss of viability (Table  1) . Such effect took place quite rapidly (less than 1 day) in the presence of both virginiamycin components and more slowly (after 3 days) when M alone was present. Due to the chain growth of Plectonema, this test reflected the number of viable trichomes and not individual cells.
Formation and function of photosynthetic components in the presence of virginiamycin. Oxygen consumption in the dark and oxygen evolution in the light were analyzed in cells suspended in antibiotic containing buffer, as well as in cells previously incubated for different lapses of time with virginiamycin and then suspended in a medium deprived of the antibiotic. As shown in Table 2 , the antibiotic did not inhibit the Hill reaction; on the contrary, a slight stimulation was constantly found in the presence of virginiamycin S. Similar conclusions were reached for dark respiration (not shown).
Moreover, Fig. 3 indicates that the photoassimilation of carbon dioxide was only apprecia-ANTIMICROB. AG. CHEMOTHER. bly inhibited by M or by the association of the two virginiamycin components, after a lag of about 3 h. Similar results were obtained for chlorophyll formation in the presence of the antibiotic (Fig. 4) . Reversible and irreversible inhibition of amino acid incorporation into polypeptides. The rate of virginiamycin action and its reversibility were analyzed by following the incorporation of labeled amino acids into proteins. Protein synthesis was repressed by virginiamycin M practically without delay, whereas S alone did not show any evident effect (Fig. 5) . Nevertheless, a synergistic effect of the two virginiamycin components was suggested by the dose response curves; the inhibitory power of M was strongly increased by the addition of S.
The reversibility of virginiamycin action was tested under autotrophic and heterotrophic conditions. A substantial amount of protein was formed after a transient contact of Plectonema, with the concentration (100 Ag) of M inhibiting more than 90% of the incorporation of amino acids into proteins (Fig. 6) . It was concluded, therefore, that the action of virginiamycin M on this alga is reversible; an irreversible inhibition of protein synthesis occurred, however, when cells were incubated with a mixture of M and S (Fig. 6) . The data reported in Fig. 5 and 6 were obtained with autotrophically growing Plectonema, but similar results (not shown) were attained under heterotrophic conditions of growth.
Nucleic acid formation in the presence of virginiamycin. It was previously reported that in B. subtilis DNA formation was not affected by virginiamycin, whereas the synthesis of ribonucleic acid (RNA) was inhibited only after complete halt of protein accumulation. It was interesting, therefore, to explore the situation in P. boryanum, particularly in view of the lethal effect of virginiamycin in this microorganism. A possible interference of this antibiotic on total nucleic acid formation was tested by following the incorporation of labeled adenine into polynucleotides, whereas the amount of alkali- interest, because the antibiotic does not reduce TIME (hr) the colony-forming capacity of either B. subtilis  FIG. 3 . Inhibition of carbon dioxide photoassimila-(2, 7) or of E. gracilis (6, 19) . Since a temporary tion. P. boryanum was shaken under light at 26 C in halt of protein formation per se does not kill the NaHCO, medium with 1% ethanol (EtOH). Tracer: cells (the action of chloramphenicol in procaNaH14CO3, 0.6 MCi per 20 Mimol per ml. Vir-ryotes and that of cycloheximide in eucaryotes giniamycin: 100 og of either M or S per ml, and 10Mgg can be cited in this connection), we suppose of both components per ml.
that the inhibitory action of virginiamycin M on CT^O DNA formation could be responsible for its It was observed previously in B. subtilis that single virginiamycin components, either M or S, produce a reversible inhibition of protein synthesis (7), the mechanism of which has been established for M (8, 9) . This inhibition becomes irreversible when both factors are simultaneously present in a bacterium carrying an S-sensitivity gene; no irreversible effect by virginiamycin could be demonstrated in S-resistant bacilli (7) . The situation encountered in P. boryanum is quite similar: M alone causes a reversible halt of protein formation, and this effect becomes permanent in the presence of S (Fig. 6) . The difference between the two prokaryotic systems (inhibition of protein formation caused by S in bacilli, but not in the blue-green algae) can be neglected if the S-dependent irreversibility of protein inhibition is taken as the criterion for defining S sensitivity in bluegreen algae. This is equivalent to saying that the Plectonema strain used in the present work is considered S sensitive because S renders irreversible the inhibition caused by M, and this is in spite of the fact that no direct metabolic activity of S alone has been observed so far in this organism.
Virginiamycin M inhibits the incorporation of adenine into DNA in Plectonema (Fig. 7A) . At this time it cannot be concluded whether this is due to interference with either the template or the DNA polymerase or the formation of adenosine 5'-triphosphate from exogenous adenine. The fact that virginiamycin inhibits DNA formation in Plectonema but not in B. subtilis (2) might be related to the observation that hydroxyurea and nalidixic acid, two well-known inhibitors of DNA replication in bacteria, do not halt the growth of several blue-green algae (13) . This indicates a difference in the molecular organization of their DNA replication apparatus. As a matter of fact, although blue-green algae lack a nuclear envelope (15), microtubules (11) , and histones (10), the isolation from Anabaena cylindrica of a DNA-RNA-protein complex similar to that occurring in the mitotic apparatus of eukaryotic organisms has been reported (14) . The difference in the virginiamycin action on DNA formation might be related to the presence of naked DNA in bacteria and of a protein-DNA complex in blue-green algae.
Perhaps more important than differences are the similarities in the behavior of different microorganisms toward virginiamycin. In every instance where the antibiotic was found to prevent the growth of a microorganism, the latter proved to contain 70S ribosomes, and its protein-synthesizing machinery was inhibited by virginiamycin M (8, 9, 20, 21) . All three systems affected by virginiamycin M (B. subtilis and P. boryanum organisms, chloroplasts of E. gracilis) have the 70S ribosome in common as their basic protein-synthesizing machinery. The effects of virginiamycin M and M + S on Euglena chloroplasts (temporary and permanent bleaching) (6) and on Plectonema cells (loss of viability) may be yet another indicator for their common origin.
This similar effect of virginiamycin M points to a common target for the antibiotic, probably a protein of the 50S ribosomal subunit (8) , and a common reaction blocked, namely, the elongation step in polypeptide formation (9) . All the effects observed upon treatment with virginiamycin M can be interpreted as being due to a translational block at the ribosomal level, the only exception being the action on DNA synthesis in Plectonema. It would be of interest to see whether fixation of the antibiotic is to a basic protein of this organism similar to the virginiamycin receptor protein of 50S ribosomes.
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